Arterial blood pressure is oscillatory; whether pulse pressure (PP) regulates cerebral artery myogenic tone (MT) and endothelial function is currently unknown. To test the impact of PP on MT and dilation to flow (FMD) or to acetylcholine (Ach), isolated pressurized mouse posterior cerebral arteries were subjected to either static pressure (SP) or a physiological PP (amplitude: 30 mm Hg; frequency: 550 bpm). Under PP, MT was significantly higher than in SP conditions (p < 0.05) and was not affected by eNOS inhibition. In contrast, under SP, eNOS inhibition increased (p < 0.05) MT to levels observed under PP, suggesting that PP may inhibit eNOS. At a shear stress of 20 dyn/cm 2 , FMD was lower (p < 0.05) under SP than PP. Under SP, eNOS-dependent O À 2 =H 2 O 2 production contributed to FMD, while under PP, eNOS-dependent NO was responsible for FMD, indicating that PP favours eNOS coupling. Differences in FMD between pressure conditions were abolished after NOX2 inhibition. In contrast to FMD, Ach-induced dilations were higher (p < 0.05) under SP than PP. Reactive oxygen species scavenging reduced (p < 0.05) Ach-dependent dilations under SP, but increased (p < 0.05) them under PP; hence, under PP, Ach promotes ROS production and limits eNOS-derived NO activity. In conclusion, PP finely regulates eNOS, controlling cerebral artery reactivity.
Introduction
Blood flows in an oscillatory waveform, creating a pulse pressure (PP) that imposes circumferential and tangential forces that make up the primary stress experienced by arterial walls. 1 The endothelium is the first component that experiences the PP and given its critical role in regulating vascular tone, it is exceedingly likely that its function is modulated by PP, subsequently influencing organ perfusion. Previous reports have identified that PP is inversely correlated with endothelium-dependent forearm vasodilation in never treated hypertensive patients. 2 Similarly, increased PP is associated with essential hypertension 3 and the stiffening of large peripheral arteries, 4 both of which have been demonstrated to be damaging to the low-resistance brain circulation by promoting hypoperfusion, microvascular lesions, grey and white matter lesions, and ultimately cognitive deficits. [5] [6] [7] [8] On the other hand, the absence of pulsatile flow has been associated with metabolic acidosis, increased inflammation, decreased oxygen consumption, loss of vasomotor control, impaired capillary circulation and increased bleeding. [9] [10] [11] [12] So what are the mechanisms by which PP acutely regulates hemodynamics? Carotid baroreceptors are unloaded in non-pulsatile perfusion, leading to an increase in sympathetic nervous system activity and a rise in blood pressure. [13] [14] [15] Similarly, non-pulsatile clinical cardiopulmonary by-pass increases sympathetic activity and plasma levels of renin, angiotensin II, norepinephrine, endothelin-1, TNFa and ROS, and inadequate synthesis of NO, inflammation and oxidative stress were also reported in the peripheral circulation ex vivo. 12, [16] [17] [18] [19] [20] [21] [22] While PP may modulate systemic neurohumoral control of hemodynamics, a direct regulatory effect on the endothelium is, however, poorly understood. A seminal study by Vanhoutte's group in 1986 showed that pulsatile flow increased endothelium-dependent relaxation of the canine femoral artery. 23 This was confirmed by two studies showing that in rat-isolated coronary arterioles 24 and mesenteric arteries, 22 cellular deformation induced by pressure, stretch and wall shear stress, potentiated the release of NO resulting in dilation, despite an increase in ROS production. However, Gutterman's group recently reported that in pressurized human peripheral arterioles, a severe increase in intravascular pressure for 30 min induced either ex vivo (in static conditions) 25 or in vivo (in pulsatile conditions), 26 promoted endothelial dysfunction evidenced by reduced eNOS-dependent NO activity and excessive ROS production. Therefore, both a lack of pulsatile pressure and its excess are damaging to the endothelium as they both impair NO-dependent dilations.
In isolated mouse cerebral arteries and under static pressure (SP), we previously reported that eNOSderived O À 2 =H 2 O 2 contributes to FMD, 27 while others have demonstrated that FMD is mediated by eNOSderived NO and/or other endothelium-derived relaxing factors. 24,28-31 Such a ''switch'' in eNOS activity from NO to O À 2 =H 2 O 2 production is referred to as eNOS uncoupling and is usually associated with cardiovascular diseases. 32 Nonetheless, it has been shown that nNOS-derived H 2 O 2 accounted for Ach-induced relaxation of aortic rings isolated from healthy C57Bl6 mice. 33 NOS uncoupling can therefore be detected ex vivo, in the absence of pulsatile pressure, in arteries isolated from healthy mice. Our aim was to test whether a physiological PP would optimize endothelium-dependent function and myogenic tone by regulating eNOS coupling and activity, in isolated and pressurized healthy mouse cerebral arteries.
Materials and methods
All protocols and procedures followed the guidelines of the Montreal Heart Institute Animal Ethical Committee and performed in accordance with the Guide for the Care and Use of Laboratory Animals of Canada and the Guide for the Care and Use of Laboratory Animals by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996). Altogether, 72 C57Bl/6j (Jackson Laboratory) threemonth old male mice were used in the study; they were housed one per cage in a specific pathogen free animal facility under controlled light and temperature.
Four mice were used to acquire a range of baseline values of heart rate (HR) and blood pressure at rest and during voluntary physical activity in vivo. These data were used to set experimental pressure and pulse frequency values for ensuing ex vivo studies. The remaining 68 mice were euthanized under anaesthesia (ketamine, 44 mg/kg, and xylazine, 2.2 mg/kg) and their cerebral arteries harvested for ex vivo studies. From each mouse, four cerebral artery segments were isolated and tested in the different protocols described below. One segment isolated from one mouse was used per protocol. All sections of this report adhere to the ARRIVE Guidelines for reporting animal research. 34 Determination of physiological references of blood pressure and heart rate in conscious mice For this in vivo study, three-month old mice (n ¼ 4) were instrumented with telemetric blood pressure transducers to monitor blood pressure and HR while conscious at rest and during voluntary running, as previously described. 35 Briefly, under anaesthesia, the pressure transducer was implanted in the abdominal subcutaneous space and a sterile saline-filled 0.1 French Teflon catheter was tunnelled under the skin, inserted into the carotid artery and connected to the transducer (Data Sciences International, Arden Hills, MN, USA). Analgesia was provided by repeated injections of buprenorphine (0.05 mg/kg) before and two days post-surgery. Twenty-four hour recordings (5 min every 30 min) started after four days of recovery and lasted for a week; they were analysed (EMKA Technologies, Paris, France), and blood pressure and HR calculated. Running wheel activity was monitored in parallel to determine whether recordings were made at rest or during physical activity.
Cerebral artery isolation and cannulation on the pressure arteriograph
After anaesthesia (laboratory, 8 a.m.) and loss of all reflexes, the mouse was decapitated and the brain removed from the cranium and placed in ice-cold physiological salt solution (PSS; mmol/L: 130 NaCl; 4.7 KCl; 1.18 KH 2 PO 4 ; 1.17 MgSO 4 ; 14.9 NaHCO 3 ; 1.6 CaCl 2 ; 0.023 EDTA; 10 glucose; pH 7.4) aerated with 12% O 2 ; 5% CO 2 ; and 83% N 2 at 37 C. Posterior cerebral arteries (PCA) were isolated, transferred to the arteriograph chamber (Living System Instrumentation, St-Alban, VT, USA), cannulated and pressurized (from 20 to 120 mm Hg during myogenic tone measurements; at 60 mm Hg during endothelial function assessment) as previously described. 27, 35 Arterial diameter was measured and recorded continuously with a video monitoring system (IonOptix, Milton, MA, USA).
Pulse pressure system
We manufactured a computer-controlled piston pump system to propagate pulse waves in an isolated artery mounted on the pressure arteriograph. The system generates PP of controllable frequency and amplitude in the tubing upstream of the arterial segment ( Figure S1 , Supplementary material). The actuator generates force that transmits to a lever, which functions to compress a fluid filled pipette, thereby displacing a volume of fluid and creating a pulse wave that propagates through the system and the pressurized arterial segment. In this study, we used a frequency of 9.2 Hz (mimicking the normal HR of 550 bpm in conscious mice) at an amplitude of 31.5 AE 0.1 mm Hg (AE15 mm Hg, i.e. an imposed intraluminal pressure of 45 to 75 mm Hg), corresponding to the normal carotid PP we determined in conscious mice (see Results section). In one series of experiments, PP was increased to 50 mm Hg without changing the pseudo-diastolic pressure (the mean intraluminal pressure applied was 70 mm Hg instead of the usual 60 mm Hg), i.e. 45-95 mm Hg at 9.2 Hz.
Endothelial function in cerebral arteries
Pressurized 2-3 mm segments of the right and left PCA were studied after 30 min of equilibration at an intraluminal pressure of 60 mm Hg. Myogenic tone was evaluated either under static pressure (SP) or during PP after a 30-min pre-exposure to PP. Endothelial function was assessed (i) under SP; (ii) under SP following 30 min of PP to measure FMD or acetylcholine (Ach)dependent dilations, or (iii) under PP following 30 min of PP to measure Ach-dependent dilations. For technical reasons, PP was stopped to allow for intraluminal flow for FMD; in contrast, PP was maintained, or not, during Ach stimulation. To validate that eNOS activity was directly responsible for FMD, cerebral arteries were pre-incubated during the equilibration period with Nx-nitro-L-arginine (L-NNA, 100 lmol/L), or denuded of their endothelium by passing an air bubble through the lumen of the artery. 27 To target the enzymes generating ROS, arteries were preincubated during the equilibration period with PEGcatalase (100 U/mL), a permeable catalase mimetic inactivating H 2 O 2, or with the NOX-2-specific inhibitor gp91ds-tat (10 lmol/L). Before stimulating with Ach or flow, phenylephrine (10 À6 mol/L or 3 Â 10 À6 mol/L) was added to the bath in order to induce a pre-contraction representing a 40-50% reduction from the maximal diameter (D max ). In separate arterial segments, a single cumulative dose-response curve to Ach (from 10 À12 to 3 Â 10 À5 mol/L) was performed. Similarly, in other arterial segments, a single cumulative curve to flow (from 0 to 20 dyn/cm 2 , with steps of 2 dyn/cm 2 between 0 and 10 dyn/cm 2 , followed by two steps of 5 dyn/cm 2 ) was performed, at a constant mean pressure of 60 mm Hg. Shear stress (s, dyn/cm 2 ) was calculated according to [s ¼ 4ZQ/pr 3 ], where Z represents viscosity (0.009 P), Q is the applied flow rate through the lumen (ml/s), and r is the lumen radius (cm). Data are presented as a percentage of dilation for every concentration of Ach and shear stress value. Posterior cerebral arteries were also used to assess the myogenic tone. The internal diameter (D) was measured after each variation of the intraluminal pressure from 20 to 120 mm Hg, by steps of 20 mm Hg maintained for 2 min. Myogenic responses were assessed without flow to eliminate any responses of endothelial cells to shear stress. Myogenic tone for each intraluminal pressure value was calculated according to the following formula:
, where D max is the maximum internal diameter measured in passive condition at the end of each experiment, in a calcium-free PSS containing sodium nitroprusside (3 Â 10 À5 mol/L).
Fluorescence studies
To test the hypothesis that PP modifies eNOS activity from H 2 O 2 to NO production, cerebral arteries were incubated with 10 lmol/L 4,5-diaminoflorescein diacetate (DAF-2, a NO-sensitive fluorescent dye) or with 5 lmol/L 2 0 ,7 0 -dichlorodihydrofluorescein diacetate (DCFDA, a H 2 O 2 -sensitive fluorescent dye), as previously described. 27, 36, 37 Arterial segments were incubated with or without L-NNA (100 lmol/L) or PEGcatalase (100 U/mL) for 30 min, washed three times with PSS, pre-constricted with phenylephrine and then exposed to a shear stress of 20 dyn/cm 2 ; during the dilation, NO-or H 2 O 2 -fluorescence was quantified.
Data analysis
''n'' refers to the number of animals. Results are presented as meanAESEM. In the absence of treatment in vivo, no blinding was performed. Arterial segments were assigned to an ex vivo protocol pre-determined by the researchers with no deviation and exclusion of data/animals. All individual data were integrated and analysed by two experimenters (AR, VB) and validated by the supervisor of the study (ET). For MT, a two-way ANOVA with repeated measures was followed, if the groupÂpressure interaction was significant, by a Bonferroni test to analyse the pressure-dependence of the myogenic response; a two-way ANOVA followed by a Bonferroni test was used to compare groups (static and pulsatile pressure) at each given pressure. A twoway ANOVA followed, if groupÂshear stress or groupÂAch was significant, by a Bonferroni test was used for the flow-and Ach-mediated responses. A value of p < 0.05 was considered statistically significant.
An independent statistician performed the statistical analyses using GraphPad Prism 5 (GraphPad Software, La Jolla, CA, USA).
Results

In vivo pressures and heart rate
We first assessed PP amplitude and frequency in vivo in four conscious mice, at rest and during voluntary running. As expected, variability of these parameters was very low, justifying the low number of animals tested. Diastolic (DAP) and systolic arterial pressure (SAP) increased from 85 AE 1 and 113 AE 2 mm Hg to 100 AE 1 and 130 AE 1 mm Hg at rest and during running, respectively. The PP (SAP-DAP) did not differ from rest (28 AE 2 mm Hg) to active (30 AE 1 mm Hg) state. A PP of 30 mm Hg was therefore chosen for ex vivo testing, although in vivo PP in the PCA might be smaller, 38 ranging from $20 to 25 mm Hg. 39 Resting HR averaged 562 AE 11 beats per minute (bpm) [range: 538-589], and we, therefore, selected a pulse modulation frequency of 9.2 Hz, corresponding to 550 bpm, for ex vivo testing. During voluntary running, peak HR averaged 745 AE 6 bpm [range: 729-754]. In summary, DAP, SAP and HR increased by 19%, 15% and 33% during exercise, respectively.
Impact of pulsatile pressure on myogenic tone
In SP conditions, MT was low and poorly responsive to increases in intraluminal pressure (Figure 1(a) ); however, MT was significantly (p < 0.05) increased by both L-NNA and PEG-catalase, and developed with rises in pressure (Figure 1(a) ), suggesting that NO and/or H 2 O 2 limit MT. In contrast, under PP alone, MT was significantly greater (p < 0.05), but was of similar magnitude to MT measured in SP conditions with either L-NNA or PEG-catalase (Figure 1(b) ), indicating that PP inhibits eNOS. The MT that developed under PP conditions was maximal between 60 and 100 mm Hg and was insensitive to L-NNA or PEGcatalase treatment.
Impact of pulsatile pressure on flow-mediated dilation and eNOS activity
Flow-mediated dilations (FMD) are endothelium-and shear stress-dependent in both SP and PP conditions, as demonstrated by the inhibition of FMD in denuded arteries (Figure 2(a) ). In SP conditions, FMD peaked at a shear stress value of 10 dyn/cm 2 (Figure 2(a) ), while under PP, FMD further increased at 15 and 20 dyn/cm 2 (p < 0.05), suggesting that pulsatile pressure increases endothelial shear stress sensitivity. In both SP and PP conditions, inhibition of eNOS with L-NNA fully prevented (p < 0.001) shear stress-induced FMD (Figure 2(b) ), demonstrating that eNOS activity is central to FMD. PEG-catalase reduced FMD in SP (p < 0.05), as expected from our previous study, 27 signifying that eNOS-derived O À 2 =H 2 O 2 mediates the dilation. In PP conditions, however, while eNOS inactivation blunted FMD, PEG-catalase treatment did not (Figure 2(b) ), suggesting that O À 2 =H 2 O 2 are not involved under PP and that eNOS produces NO. Therefore, PP may favour eNOS coupling.
To confirm these results, we measured the fluorescence associated with NO (DAF-2) and H 2 O 2 (DCFDA) release in isolated arteries 36, 37 during FMD induced by a shear stress of 20 dyn/cm 2 , in both SP and PP conditions. In all conditions, fluorescence was extinguished by L-NNA confirming the unique involvement of eNOS in FMD ( Figure 3 ). As expected in SP conditions, 27, 37 FMD was associated with a rise in H 2 O 2 -DCFDA fluorescence that was inactivated by PEG-catalase (Figure 3(a) and (c)); FMD was not associated with detectable NO-DAF-2 fluorescence in SP conditions (Figure 3(b) and (d) ). In contrast, under PP conditions, FMD was associated with a rise in NO-DAF-2 fluorescence insensitive to PEG-catalase (Figure 3 (Figure 3(a) and (e)). These results support the concept that PP favours eNOS coupling, driving its activity towards NO production rather than O À 2 =H 2 O 2 .
Mechanism by which eNOS activity is regulated under PP
Bradykinin-induced dilations of isolated human coronary arteries have been associated with O À 2 =H 2 O 2 generation and are sensitive to the NOX2 inhibitor gp91ds-tat. 40 In our conditions, gp91ds-tat limited FMD under both SP and PP (Figure 4 ). Therefore, NOX2 recruitment likely contributes to the transduction of the mechanical flow signal to the activation of eNOS, in both static and PP conditions. In addition, combining PEG-catalase and gp91ds-tat did not further antagonize FMD in SP (Figure 4(a) ), suggesting that NOX2 contributes to the uncoupling of eNOS. In PP conditions, FMD remained insensitive to PEG-catalase, indicating that eNOS was coupled despite NOX2 inhibition (Figure 4(b) ).
Impact of pulsatile pressure on Ach-mediated dilation
Like flow, which elicits a unique endothelial response by transducing a mechanical signal to eNOS activation, 41 activation of muscarinic receptors with Ach is a commonly used stimulus to investigate the mechanisms of endothelium-dependent relaxation. In SP conditions, similar to FMD, Ach-mediated dilation was associated with H 2 O 2 production ( Figure 5(a) ), as previously reported. 36 Ach-mediated dilation was indeed significantly reduced by PEG-catalase. However, the muscarinic response ( Figure 5 ) differed from FMD (Figures 2 and 4 ) with both continuous PP and a pre-conditioning period of PP, like that used to study FMD ( Figure S2 , Supplementary material). In these conditions (1) maximal Ach-induced dilations were smaller than in SP conditions, contrasting the results of FMD; (2) Ach-induced dilations were increased by PEG-catalase, whereas FMD was insensitive; (3) Ach-induced dilations were increased by the NOX2 inhibitor gp91ds-tat ( Figure 5(b) ), and the vascular sensitivity to Ach was increased (in opposition to FMD). The data obtained with PEG-catalase and gp91ds-tat suggest that, under PP, Ach-mediated dilation is associated with ROS generation that limits the dilatory response. Because PEG-catalase increased Ach-dilation under PP, O À 2 =H 2 O 2 likely do not mediate the dilation, and thus muscarinic receptor activation under PP is associated with eNOS-dependent NO production. Therefore, PP promotes eNOS coupling; unlike flow, however, Ach induces the concomitant production of ROS that likely inactivates NO, reducing the potency and efficacy of Ach.
Consequences of increased PP amplitude on FMD
Because an abnormal increase in PP is proposed to be damaging to the cerebral microcirculation, 42 we increased the amplitude of the PP from 30 to 50 mm Hg. As a consequence, FMD was reduced by $40% at physiological shear stresses between 8 and 20 dyn/cm 2 ( Figure 6 ). Nonetheless, this impaired dilation was not sensitive to PEG-catalase, suggesting that eNOS activity was reduced, but not uncoupled as it was observed under SP (Figure 2(b) ).
Discussion
Pulsatility of the blood pressure has rarely been considered in ex vivo experiments involving isolated arteries, despite the fact that this oscillatory nature is a fundamental characteristic of arterial blood pressure. We therefore postulated that myogenic tone and flowmediated responses measured ex vivo in mouse cerebral arteries would be more representative if exposed to pulsatile pressures of physiological amplitude and frequency. Compared to static pressure conditions, we indeed observed that in the presence of pulse pressure, myogenic contractions were enhanced, while endothelial shear stress sensitivity was increased and associated with eNOS coupling and the production of NO. We did not investigate the endothelial mechanosensor to PP, but we did observe that NOX2 inactivation reduced FMD in both pressure conditions. Thus, NOX2 recruitment likely contributes to the transduction of the mechanical flow signal to the activation of eNOS, in both static and PP conditions. In SP conditions, NOX2 may contribute to eNOS activity and its uncoupling, while under PP, NOX2 favours eNOS coupling. We propose that in the absence of PP, NOX2-related eNOS uncoupling maintains a dilatory tone through H 2 O 2 production. In addition, PP revealed a differential endothelial responsiveness to shear stress versus muscarinic receptor activation: acetylcholine stimulates eNOS-derived NO with a concomitant NOX2-derived ROS production that limits eNOS activity, an in vivo observation reported previously. 43 The interpretation of our results is summarized in Figure 7 ; we purport that the cerebrovascular endothelium functions optimally and couples to eNOS under physiological pulse pressure.
The demonstration that a significant myogenic tone developed after exposure to a physiological PP argues in favour of our postulate that cerebral arteries are adapted to a pulsatile environment. In SP conditions, which is the classical methodological approach to investigate MT and FMD ex vivo, C57Bl6 mouse cerebral arteries with an intact endothelium develop little tone 44, 45 when compared to other species including human cerebral arteries. [46] [47] [48] [49] [50] [51] The vascular endothelium, however, is known to potently inhibit MT: indeed, after eNOS inhibition, MT is magnified under static pressure (Figure 1 ), as previously reported in mouse and rat cerebral arteries. 51, 52 Our data contrast those of a recent study demonstrating that MT was not magnified by PP in middle cerebral arteries isolated from three-month old C57Bl6 mice. 53 This latter study investigated the impact of age on PP-dependent regulation of MT, and although not specified, the endothelium may have been removed in order to specifically address this aim. Furthermore, the amplitude of the pulse was greater (50 mm Hg) and the frequency lower (450 bpm), which may also contribute to this difference. In our hands, a PP of 50 mm Hg decreased shear stress sensitivity ( Figure 6 ) and a PP of 70 mm Hg led to a complete loss of reactivity (data not shown). We also observed that when compared to SP, the greater myogenic tone under a physiological PP was insensitive to both L-NNA and PEG-catalase and reached levels of tone measured in static conditions after eNOS inhibition; this suggests that in no-flow conditions, PP inhibits eNOS activity. Altogether, our data demonstrate that pulse pressure regulates myogenic responses in large cerebral arteries with an intact endothelium.
We previously reported that in mouse cerebral, but not gracilis arteries, and under static pressure, eNOS enzymatic cycling generated O À 2 =H 2 O 2 at rest and during FMD, 27 consistent with the present results (Figures 2 and 3) . We also previously demonstrated that eNOS is predominantly uncoupled in endothelial cells isolated from mouse cerebral arteries. 36 This uncoupling of eNOS in the cerebrovasculature of young and healthy mice, however, is inconsistent and remains conflicts with most of the literature. The difference between our results and the normal eNOS coupling observed by others is not clear. It could be simply due to the fact that most experimenters conclude that if dilatory responses are blocked by NOS inhibitors, endothelium-dependent dilations are mediated by NO. 29 It could also be due to specific experimental conditions, notably our choice of gas to aerate the physiological salt solution (12% O 2 ; 5% CO 2 ; 83 % N 2 generating a physiological pO 2 of 150 AE 10 mm Hg instead of the classical 95% O 2 ; 5% CO 2 generating a pO 2 of 410 AE 11 mm Hg). We believe that eNOS uncoupling observed under SP permits maintenance of a dilatory tone through H 2 O 2 production. Accordingly, uncoupling of eNOS has been proposed to be a highly conserved defence mechanism. 54 In conditions of blood stasis following an arterial occlusion where pulsatile pressure and flow are blunted, eNOS uncoupling may maintain a basal dilatory tone and anti-platelet aggregation activity through O À 2 =H 2 O 2 generation that would protect against thrombus formation, at least temporarily.
In the present study, it is only under pulse pressure that flow (and Ach) activates eNOS to generate NO (Figures 2 and 3) . The second novel finding of our study is, therefore, that a physiological PP favours eNOS coupling (Figure 7) . While uncoupling of eNOS may represent a defence mechanism, it is not the only source of dilatory H 2 O 2 in vessels: O À 2 is the main precursor of H 2 O 2 , and NAD(P)H oxidases (NOX) and mitochondria are by far the main producers of O À 2 . 55 Recently, it was shown that a rise in ROS production accounted for the generation of H 2 O 2 and acted as an alternative defence pathway to compensate for the loss of NO production during extra-physiologically high blood pressure stress. 25, 26 In an attempt to identify the coupling mechanisms linking PP and eNOS activity, we targeted NOX2. NOX2 inhibition with gp91ds-tat limited FMD (and thus eNOS activity) in both SP and PP conditions (Figure 4 ). Therefore, NOX2 recruitment appears necessary for shear stress sensitivity in both SP and PP conditions. NOX2 may contribute to the flow response by acting as a scaffold, permitting the coupling of the putative flow sensor (or shear stress sensor) and eNOS (illustrated in Figure 7 ). In the absence of PP, NOX2 appears essential to facilitate eNOS uncoupling; however, NOX2 also contributes to eNOS coupling in the presence of PP. This would presuppose that the shear stress sensor, the stretch/mechano-sensor to PP, eNOS and NOX2 are part of a larger protein complex at the plasma membrane, as speculated in Figure 7 . This hypothesis remains to be validated.
Flow 41 and Ach 56 induce endothelium-dependent dilations through different coupling partners and intracellular pathways. Activation of muscarinic subtype-3 receptors 57 coupled to Gq proteins 58 increases intracellular Ca 2þ , 56 likely accounting for Ach-mediated dilation in mouse arteries. Flow, however, increases Akt-dependent phosphorylation of eNOS and enhances its activity, while the involvement of intracellular Ca 2þ is unclear. 27, 41 We observed that the impact of PP on . Schematic representation of the hypothetical signalling pathway leading to endothelium-dependent dilation in static versus pulsatile pressure conditions. (a) Under static pressure, flow promotes endothelial-dependent dilation, sensitive to both eNOS inhibition with L-NNA and to PEG-catalase, which degrades H 2 O 2 ; this suggests that eNOS is uncoupled and produces O À 2 that, in turn, is converted into the dilatory H 2 O 2 by superoxide dismutase (SOD). Flow-mediated dilation is therefore eNOS-dependent, but mostly NO-independent, as confirmed by the measurement of insignificant NO and large H 2 O 2 production during FMD under static pressure. Flow-mediated dilation is also reduced by the specific NOX2 inhibitor gp91ds-tat, suggesting that NOX2 participates in the dilatory pathway: flow activates an unidentified shear stress sensor, which may stimulate the NOX2/eNOS complex, leading to the production of H 2 O 2 and to dilation. How NOX2 and eNOS are associated remains to be identified. Acetylcholine also promotes a dilation that is reduced by L-NNA, PEG-catalase and gp91 ds-tat, suggesting that FMD and ACh activate similar pathways, i.e. NOX2/eNOS-derived H 2 O 2 . Acetylcholine activates the muscarinic receptor, which is associated with the Gq heterotrimeric G-protein; the a-subunit of the Gq protein is coupled to phospholipase C (PLC) that promotes intracellular Ca 2þ release, which activates eNOS and, to a lesser extent, endothelium-derived hyperpolarizing factor (EDHF) release. The link between the muscarinic receptor and NOX2/eNOS complex could be through the b-subunit of the Gq protein.
(b) Under pulse pressure, flow promotes endothelium-dependent dilation sensitive to L-NNA and gp91ds-tat, but insensitive to PEGcatalase. This suggests that eNOS is coupled and that the NOX2/eNOS complex leads to NO release, as confirmed by the significant NO production during FMD under pulsatile pressure. The nature of the pulse sensor and how it is associated to NOX2/eNOS complex are unknown. Under pulsatile pressure, acetylcholine induces a dilation that is lower than that observed under static pressure; the dilation is reduced by L-NNA, but augmented by gp91ds-tat and by PEG-catalase. The fact that both NOX2 inhibition and favoured H 2 O 2 degradation augment the dilation suggests that the pulsatile pressure promotes O À 2 production (via NOX2 and possibly other sources) that inactivates eNOS-derived NO. Ach: acetylcholine; EDHF: endothelial-derived hyperpolarizing factor; FMD: flow-mediated dilation; M: muscarinic receptor; NOX: NADPH oxidase; PLC: phospholipase C; PP: pulse pressure; ROS: reactive oxygen species; SOD: superoxide dismutase; SS: shear stress.
